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THEORETICAL AND EXPERIMENTAL COMPARISONS OF NEARFIELD ELECTROGALVANIC
FIELDS DUE TO NONLINEAR POLARIZATION LAYERS

INTRODUCTION

The characterization of localized corrosion phenomena, such as gitting
and crevice corrosion, has been the focus of study for many years.l‘ It is
generally agreed that electrogalvanic interactions of anodic and cathodic
regions inherent in real-world physical systems are very complex processes.
This is particularly true because of the highly interactive coupling that
exists between multiple anodes and cathodes subject to geometric effects, inho-
mogeneous electrolytic mediums, and polarization effects.,

A number of attempts have been made to model localized corrosion using
detailed models of the electrochemistry in localized regions. The idea of
mathematically predicting the electrolytic corrosion behavior for a physical
situation began with the work of Wagner at least four decades ago.4 In this
pioneering work, traditional mathematical techniques were applied for predict-
ing the potential fields of anodes and cathodes while considering the presence
of geometric effects, polarization curves, and surface roughness. Analytical
attempts to calculate local current distributions in the anodic/cathodic neigh-
borhood (surfaces) generated immediate realizations that, in general, exact
mathematical solutions seemed intractable except in highly specialized situa-
tions where the equations could be solved for particular geometries and simpli-
fied electrochemical situations.4-9 Thus, the analytical models were limited,
in part, to simple geometries and constant electrolyte properties. Furthermore,
the models were limited because the analyses did not take into account geomet-
ric changes of the electrode due to corrosion nor did they consider changes in
composition and conductivity of the electrolyte during the course of corrosion.

In recent years, studies have been conducted that apply finite-element
numerical techniques to macroscopic electrogalvanic field predictions. These
models were developed for the prediction of performance of cathodically pro-
tected structures.l0-14 Although the models did not consider changes in geom-
etry and electrolyte properties, they were very successful in predicting
current distributions at the various anodic and cathodic areas.

To effectively use the finite-element models (FEM's), sufficient electro-
chemical data must be measured under controlled conditions to compare model
predictions with reality and to establish a data base of appropriate informa-
tion. First, potential-field measurements and potential gradients at localized
areas are needed to compare finite-element predictions with actual potential
fields and the resultant ionic currents. The basic problem is to measure ionic
currents associated with corrosion microcells. Secondly, potentiostatic polar-
ization and impedance measurements are required as a function of electrolyte
chemistry. This information is needed to update the evolution of the
electrochemical-system parameters with time.

Recent advances in techniques for measuring localized currents in electro-
lyte solutions have made possible methods to measure ionic currents associated
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with corrosion microcells. The new techniques use vibrating probes to measure
currents in solution with spatial and current resolutions on the order of 15

to 20 um and 5 nA/cm?, respectively. Thus, it is possible to measure corrosion
currents resulting from individual local cell activity on a scale closely
related to many microstructural features of materials. This is particularly
useful for studies of localized corrosion phenomena, such as pitting and crevice
corrosion, and in studies of composite corrosion where local galvanic effects
between constituents and interfaces may be important.lS

In this report, progress in the use of the finite-element method in elec-
trogalvanic field prediction and the development of a scanning vibrating elec-
trode technique (SVET) will be presented. The SVET has been developed for
electrochemical measurements needed to test finite-element-predicted vector
electrogalvanic field components. The report will cover (a) electrogalvanic
FEM development, (b) mathematical treatment of polarization curves, (c) a
review of the state-of-the-art of scanning vibrating probe techniques, (d) an
experimental evaluation of the one-dimensional probe technique as applied to
planar galvanic couples between iron and copper, and (e) a discussion of the
development of a three-dimensional probe to advance the state-of-the-art.

BACKGROUND

Mathematical prediction of electrolytic corrosion behavior for a physical
situation had its genesis at least four decades ago. Traditional mathematical
techniques were reviewed for predicting the potential fields of anodes and
cathodes in the presence of factors such as geometric effects, polarization
curves, and surface roughness.4 Analytical attempts to calculate local current
distributions in the anodic/cathodic neighborhood (surfaces) demonstrated the
intractability of exact mathematical solutions.>

In recent years, attempts have been made to model localized corrosion
through use of detailed models of the electrochemistry in localized regioms.
These models were limited to simple geometries and constant electrolytic prop-
erties as well as linear polarization behavior.1l0-14 The models were further
limited because the analyses did not consider either geometric changes or the
rate of the reaction in terms of Faraday's law.

This study investigates the use of nonlinear analysis within a subsystem
of the NASA Structural Analysis (COSMIC/NASTRAN) program (Heat Transfer, Rigid
Format 3} to address complex electrode boundary conditions and electrolytic
interactions for a finite-element model (figure 1*). Another effort, study-
ing the strength of a more general nonlinear finite-element program known as
MARC, is also in progress.lZ2 Both finite-element programs are maintained on a
VAX-11/780 computer at the Naval Underwater Systems Center (NUSC).

It has been clearly established in the literature® that localized changes
in the electrolyte chemistry occur with time and geometry during corrosion.
It is, therefore, important to include these phenomena in any model dealing
with localized corrosion kinetics.

*All figures have been placed together at the end of this report.
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The approach to this research effort is two phased. First, numerical
models are developed to describe the gradual corrosion of a surface from a
planar to a pitted contour.l® The model provides corrosion information where
pitting will be shown as a function of time and geometry. The model relies
for its predictions on established scientific laws (conservation of charge and
Faraday's) and a fixed set of physical parameters. The parameters are chosen
to provide information on potential and current distributions within the elec-
trolyte and on the anodic and cathodic surfaces. In conjunction with this
effort, sufficient measurements were taken to ensure that the chosen electro-
chemical parameters result in predictions that will compare with reality. These
measurements involved potential measurements and normal current-density meas-
urements for two specific scans in a laboratory setup.

In general, ionic-current flow in the electrolyte is governed by the
three-dimensional law of conservation of charge. In differential equation
form, this law, in the absence of diffusion and convection, can be stated as

‘_‘30
ved=5E. (1)

The constitutive relationship (Ohm's law) between current density and the
electric-field intensity, in terms of the electrical conductance, is

J =¢oE , (2)
where, by definition, the electric-field intensity is
E=-Vp . (3)

Substituting equations (3) and (2) into equation (1) yields

v-cv¢=-g—‘;. (4)

It is obvious from the above vector-field solutions that a three-
dimensional spatial representation of the ionic current and the local value of
the electrolyte conductivity is required to obtain a general characterization
of the corrosion cell. The measurements reported in this investigation were
taken for the normal component of the current density at two elevations above
the polarization layer. A program was initiated to develop a directionally
sensitive current-density probe (3D) to provide measurements that could be used
to correlate against mathematically predicted vector-field components.

MODEL DEVELOPMENT AND BOUNDARY CONDITIONS

An FEM was developed using three-dimensional brick-type elements. Specif-
ically, the electrolyte was represented with COSMIC/NASTRAN'S CHEXA2 and .CWEDGE
elements. These elements use linear interpolation functions between adjacent
grid points. The general geometric feature of the electrolyte and the anodic/
cathodic surfaces are shown in figure 1. The associated boundary conditions
are shown in figure 2. Briefly, total current interchange between the anodic
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and cathodic cell takes place between surface F'-E' and F-E. At all other
surfaces, for this analysis, the gradient of the local potential function was
assumed to be zero.

The overall objective of this research program is to develop a modeling
and measuring capability to help us understand more fully the onset of crevice
corrosion. A crevice will be defined physically as a small cavity naturally
characterized in three-dimensional space. Two-dimensional and axisymmetric
formulations would not be adequate for a full description. For the initial
analysis, a three-dimensional model was developed using COSMIC/NASTRAN. Since
the first boundary-value problem to be solved is axisymmetric, the symmetry
about the z-axis was developed for 36 deg. This is shown in figures 3 and 4.
At the bottom of figure 3, the entire anodic and cathodic surfaces were repre-
sented with a double layer of finite-element membrane elements. For a more
detailed local representation, an upper and lower membrane structure is shown
in figure 5.

In an earlier report,l’ the double membrane was used successfully to
incorporate nonlinear polarization curves into the nonlinear potential-field
routine of COSMIC/NASTRAN. In an effort to exercise also the axisymmetric
version of COSMIC/NASTRAN, a second model (figure 6) was generated using CTRAPRG
elements. This model looks slightly different geometrically in that the neutral
surface of the beaker is not flush with the copper surface, as shown in fig-
ure 1. In the actual experiment, at Brookhaven National Laboratory, a small
lip (width of copper cell, 0.3 cm) existed at the edge of the copper ring.

This model is being exercised currently using the same boundary conditions
described earlier in this section.

A number of planes were identified to retrieve more easily current and
voltage information from the elements and grid points, respectively. Since
the measurements for the current density were performed at 650 and 1150 um
above the electrode surfaces, it was desirable to obtain current-density infor-
mation at the centroid of the associated elements. The lowest plane was assumed
to exist at Z = 0 (figure 7). The topmost plane (electrolyte/air interface)
is located at Z = 9500 um (figure 8). The grid points identified in the mid-
dle of the figure, ranging from 3 to 554, were used to compare the calculated
potential values with the measured values, to be discussed later. The details
of the electric-field comparisons will be discussed fully in a later section
of this report.

MATHEMATICAL TREATMENT OF POLARIZATION LAYERS

The relative impedances across the polarization layer on various electrode
surfaces have a strong influence on the resulting electric fields in the elec-
trolyte. Of course, the other boundary conditions, geometry, and conservation
of current also have a significant effect'on the electric and current-density
fields in the medium. The approach in this study is to implement the concept
of a conductive film (polarization layer) that is a function of the local



TR 7299

current density and the local voltage potential. Such values are given in
tables 1 and 2.* These local slope values for both iron and copper are intro-
duced into the finite-element analysis algorithm by means of table values.

For a two-cell system, the lowest measured corrosion potential and the
maximum corrosion potential represent reference potentials below the sublayer
(figure 5). Essentially, this states that the electric-field limits are bounded
by the characteristics of the electric cell, based on measurements. However,
due to geometric effects, conservation of charge, and other boundary conditions,
the voltage gradients and current densities have a strong dependence on.the
position of the electrode because of the nonlinear relationships. a

The process of defining mathematically the anodic polarization layer is
illustrated in figure 9. The bottom surface in this example is defined as
-0.560 velts, from measurements (figure 10) by C. R. Crowe, of the Naval
Research Laboratory (NRL). Grid points 1 through 4 and a scalar point desig-
nate a space for a double-membrane finite element. The potential values at
grid points 1 through 4 are unknowns in the solution process. In the center
of the membrane element, a current is calculated for both the upper and lower
layer. These two membranes become nonlinear control surfaces such that the
average current over a small area is assumed to be a good approximation for the
current-density vector emanating orthogonal to this surface. The final finite-
element discretization is shown on the left with an electrolytic finite element
(55 um thick) above the polarization layer. To the right of the FEM is the
measured polarization curve with the current-density vectors superposed. The
current-density vector pointing up signifies anodic current whereas the vector
facing down indicates cathodic current. A similar explanation can be provided
for the cathodic polarization layer (figure 11). The same concept is illus-
trated here except that the corrosion potential for the cathode is more positive
and the related current vectors face downward. The analysis will calculate all
the current-density vectors at all elements and, when they are multiplied by
the local elemental area, they will provide a conservation-of-current account-
ing system. This is illustrated schematically in figure 5 and will be discus-
sed further in the section of this report on theoretical and experimental
comparisons.

One further comment can be made regarding a multicell electrogalvanic sys-
tem. If the system possessed three or more cells acting at the same time, a
similar philosophy could be employed. Specifically, if cell A and cell C have
the highest and lowest corrosion potential, respectively, based on polarization
measurement, the scalar-point definitions for cells A and C are ¢éORR and ¢EORR

(figure 12): The scalar-point definition for cell B would be ¢g0RR' The cur-

rent densities for cell B may at times appear to be anodic in some regions and
cathodic in other regions. By utilizing this procedure of polarization imple-

mentation, we can explore the electric-field changes in the electrolyte due to
more than two cells.

*Tables have been placed together at the end of this report or in the
applicable appendix.
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EXPERIMENTAL RESULTS

A number of measurements were performed at Brookhaven National Laboratory
by C. R. Crowe, 17,18 of NRL, in cooperation with H. Isaacs.!? The anode and
cathode were placed into an electrolytic solution, as shown in figure 13. The
anode, cathode, and beaker dimensions are described in the appendix. The pur-
pose of the experiment was to measure the current-density values at fixed ele-
vations above anodic and cathodic surfaces. These current-density measurements
are to be compared to theoretically predicted numerical models. The first scan
(Run 15) and the second scan (Run 18) were performed at 650 and 1150 um, respec-
tively, as indicated in figure 14. The measured normal current-density values
(in pA/cm?) are given in the appendix as a function of radial distance in mil-
limeters where R = 0 is the center of the circular anode and R = 24 mm is
approximately at the outermost edge of the circular copper region. The meas-
ured values for scans 1 and 2 are plotted in figures 15 and 16, respectively.

Potential measurements also were made in the top regions of the electro-
lyte. The measured values were taken with respect to a standard calomel elec-
trode. The values varied somewhat as a function of radial distance, as
indicated in figure 17. The results of these measurements have been entered
in a data file on a VAX-11/780 computer system to be used for comparison against
calculated values from an FEM.

Several polarization curves were established for the iron and copper elec-
trodes at ph values of 6.5 and 1.75. The data were taken by C. R. Crowe. The
curves are shown in figure 10. The relevant polarization conductivity coeffi-
cients are found in tables 1 and 2 for iron and copper, respectively. These
values were calculated from curve 1 and curve 2 in figure 10.

THEORETICAL AND EXPERIMENTAL COMPARISONS

The first comparison to be made will consider the results of the current-
density (normal-direction) values of scan 1 (figure 15) at 650 um above the
electrode surface. The finite-element values from Run 7 (file name KASPER.NID)
are given in table 3 and plotted in figure 18 against the measured values.

The iron-copper interface is at a radial distance of 3.175 mm. The values from
scan 2, at 1150 um, as well as the finite-element results at 1125 um, are plot-
ted in figure 19. The finite-element values are given in table 4 for Run 7

and the meastred values are given in table 5 for use in comparing the sensor
values at various (y,z) locations with the centroidal finite-element values.
The current-density results for the z-directional component look encouraging.
At both elevations, it appears that the current density emanating from the
anode surface is quite high with a fairly evenly distributed current-density
response on the copper surface. The total current leaving the anodic surface
was +2.857612 x 10”35 A and the total current arriving over the copper surface
was -2.857670 x 107° A.

The current-density distribution in the vertical direction at R = 0.7 mm
(centroid of CWEDGE element nearest to the origin) was calculated from the
same finite-element run. The calculated numbers and some limited measured data
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are given in table 5. In figure 20, the calculated vertical current-density
amplitude correlates fairly well with the measured values. It should be noted
that both current vectors, J, and Jp, approach zero at the top of the electro-
lyte (Z = 9.5 mm).

The remaining measurements for comparison with the FEM were of the poten-
tial distribution at the top of the electrolyte. A distribution of the meas-
ured potentials is illustrated in figure 17 by Crowe. Those values, along with
the finite-element results, are given in table 6. The measured and the pre-
dicted finite-element values are plotted in figure 21. It appears that the
calculated values vary less than 5 percent as a function of position. Both
distributions, however, do show a dip in the potential distribution near R = 0
(center) .

In the area of the polarization layer, the local polarization effects
could be observed on an element-to-element basis. The grid points on the edge
of the electrolyte (upper layer on the membrane) on both the iron and copper
area appear to show a gradual (table 7) potential distribution for the model.
This distribution is shown as the series of circular data points in figure 21.
The anodic and cathodic polarization also is shown quite dramatically in fig-
ure 21 by the crossed data points. The anodic effects can be seen between
R=0 and R = 0.3175 cm, with a fairly noticeable change in the anodic distri-
bution for the four grid points. The potential distribution in the cathodic
area appears more uniform except near the iron/copper interface. Related to
this potential gradient is the current density emanating from this polarization
layer. In this case, the average current density was recorded (table 8) from
the FEM. Clearly, it appears that the current density from the center of the
iron polarization layer is maximum and that the current density going into the
copper surface is considerably lower and also more uniform.

In the first electrolytic layer (element centroid at Z = 27.5 um}, the
average axial- and radial-current density were calculated and recorded in table
9. As a function of radial position, the radial-current and axial-current
density was plotted in figure 22. The axial component and the radial vector
component appear to be maximum in the center of the anodic-electrode surface.
The rate of decay is greater for the axial component than for the radial com-
ponent for the first 5 to 7 mm. The axial current-density and the radial
current-density vectors are denoted with circular and crossed data points,
respectively. The radial current-density vector is always positive, whereas
the axial component is only positive on and near the anodic-electrode surface.
Therefore, in the first electrolyte layer, the total current-density vector
can be repreSented approximately by the distribution indicated in figure 23.
In a global sense, this figure clearly shows that the vector field reverses
slightly beyond the iron/copper interface at Z = 27.5 um. The total current
leaving the anode and that arriving at the cathode are +2.857612 x 1075 A and
-2.857670 x 1072 A, respectively.

The numerical results, when related to the measured polarization curves,
seem to show the following. In the center of the anodic electrode, the model
predicts an average current density of 37.8 A/m?. This current-density state
is indicated on the measured polarization curve as number 1 in figure 24.

The second element on the anodic-electrode surface appears to have an average
current density of 6.3 A/m? (table 8) and is denoted as element 2 in figure 24.
The third element on the anodic-electrode surface was calculated to be
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4.13 A/m?. That point, also, is shown in figure 24 as the last anodic theoret-
ical point. The first cathodic element (number 4) was calculated to be

-8.52 x 1072 A/m? (table 8). Most of the remaining cathodic-electrode states,
elements 5 through 12, were calculated to be, on the average, approximately
-1.35 to -1.4 x 1071 A/m2.

SURFACE RECONFIGURATION DUE TO FARADAY'S LAW

Based on the encouraging correlation between the finite-element predictions
and the measured results in the nearfield of the electrode surfaces, it would
appear reasonable to impose Faraday's law to determine the amount of iron mass
leaving the anode as a function of time and position. Faraday's law states®
that the mass rate can be expressed as

Rate (gr/sec * cm?) = = , (5)

where A is the atomic weight, n is the valence number, J is the current density,
and F is defined as 96,500 coulombs/mole electron. For pure iron, A = 55.8°

and n = 2. The calculated current density for the first finite element on the
electrode surface was 37.8048 A/m?. According to table 8, the second and third
finite-element results indicate a normal current density of 6.2835 and 4.13834
A/m?, respectively. Substituting values into equation (5) for the first ele-
ment, we have a material loss rate of 0.0109 x 10~% g/s + cm?. This rate
translates into a loss of approximately 0.6 grams per week + cm? for the first
element. The second anodic-surface element would experience a loss of approx-
imately 16 percent of the first element. The third element would experience a
rate loss of approximately 11 percent of that predicted for the first element.
Since the mass rate is proportional to the current density in the local regions
of a given galvanic cell, an approximate reconfiguration of the anodic-electrode
surface can be attempted for time greater than zero. In figure 25a, the anodic
surface is illustrated at time equal to zero. Assuming that the nonlinear
polarization curves at t = 0 and the ph factor of 1.75 at t = 0 remain constant
for the next increment of time, it might be speculated that the new electrode
surfaces may take on the geometry illustrated in figure 25b at time equal to

one month.

At a certain point in time, the initial polarization curves need to be
updated because of the changes in the electrolyte and the geometric surface
changes on the electrode. This type of experiment and analysis will be
attempted in the next year. It will involve the addition of a newly developed
three-dimensional electric-field probe and perhaps higher-ordered finite ele-
ments.

CONCLUSIONS

Based on the completed experimental electric-field scans and the corre-
sponding finite-element field prediction, it appears that the finite-element
technique presents a strong analytical tool in calculating the nearfield
electric-field distributions about active electrode surfaces. The FEM described
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in this report made reference to an a priori measured set of uncoupled polar-
ization curves for pure iron and pure copper. Based on a local tangent slope
definition dependent totally on the local potential difference at a given posi-
tion in space or on the electrode surface, the current densities were calcu-
lated everywhere.

The electric-field correlation established in this report for the normal
current-density vector provides the confidence to proceed in the evaluation of
electric fields associated with pitting and crevice corrosion. Experiments and
model developments presently are being planned for the next fiscal year. They
will involve more multicellular activities, inhomogeneous conductivity distri-
bution in the electrolyte, and the role of time variation.

Table 1. Results of Iron (Fe) Measurements by C. R. Crowe*

i1 i2 iz - i1
91 92 (A/n2) (A/m2) L e
+10.0 0.0
-0.410 -0.460 10 x 101 5 x 101 1000
-0.460 -0.500 5 x 10t 2 x 10! 750
-0.500 -0.54 2 x 10! 6 x 100 350
-0.54 -0.56 6 x 100 1.4 x 100 230
-0.56 -0.58 1.4 x 100 3.2 x 100 ' 45
-0.58 -0.595 3.2 x 100 5 x 100 120
-0.595 -0.605 s x 100 8 x 100 300
-0.605 -0.670 8 x 109 20 184.6
-0.670 -0.76 2 x 101 5 x 101 333.33
-0.76 -0.82 5 x 101 7.5 x 101 416
~0.82  -0.92 7.5 x 101 10 x 10! 250
-10.0 0.0

*Performed on 24 January 1984.
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Table 2. Results of Copper (Cu) Measurements by C. R. Crowe*

i i, i, - i
* b2 (A/m?) (A/m2) LIl ey

+10.0 0.0

-1.2 x 1071 -1.4 x 1071 10! 4 x 100

-0.12 -0.14 10 4.0 300

-0.14 -0.18 4 1450 75.00
-0.18 -0.20 1 0.4 30

-0.20 -0.24 0.4 0.12 7.0
-0.24 ~0.27 0.12 0.03 3.0
-0.27 -0.28 0.03 0.01 280
-0.28 -0.285 0.01 0.03 4.0
-0.285 -0.320 0.03 0.06 0.857
-0.320 -0.355 0.06 0.10 1.143
-0.355 -0.38 0.10 0.20 0.25
-0.38 -0.418 0.20 0.40 5.26
-0.418 -0.440 0.40 0.7 13.636
-0.440 -0.485 0.7 2.0 28.888
-0.485 -0.520 2.0 4.0 57.14
-0.520 -0.580 4.0 10.0 100.0
-10.0 0.0

*Performed on 27 January 1984.
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Table 3. Calculated Current-Density Values for Runs 6, 7, and 8,
Zcentroid @ CEQ
J; (uA/cm?)
Element (i) Run 6, Run 7, gun 8,
Z = 500 um Z = 650 um Z = 600 um
149 WEDGE 0.0007 +1619.28 +1599.27 1606.789
154 HEXA2 0.001786 +900.50 821.075 850.23
164 HEXA2 0.002778 264.024 +246.00 252.056
217 WEDGE 0.004375 +53.55 +61.34 58.1359
183 HEXA2 0.005897 3.490 5.68389 4.673
194 HEXA2 0.007713 -8.783 -7.133 -7.7438
204 HEXA2 0.00973 -11.67 -10.757 -11.1198
214 HEXA2 0.01129 -11.701 -10.948 -11.272
229 HEXA2 0.013875 -12.159 -11.634 -11.863
239 HEXA2 0.017125 -13.44 -13.16 -13.25
249 HEXA2 0.020375 -13.53 -13.084 -13.31
259 HEXA2 0.023625 -9.241 -8.85 -9.0408
*Width of the first solid electrolytic element for Run 6 is 250 um, for

Run 7 it is 550 um, and for Run 8 it is 450 um.

11
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Table 4. Calculated Current-Density Values for Runs 6, 7, and 8,
Zcentroid °f 1125 um*
J, (uA/cm?)
Element (i) Run 6, an 7, Run 8,
Z = 25 um Z = 55 um Z = 45 um
294 WEDGE 0.0007 1013.70 1010.256 1008.75
300 HEXA?2 0.001786 639.98 640.64 641.23
309 HEXA2 0.0027785 271.35 272.22 272.87
362 WEDGE 0.004375 81.424 81.386 81.176
329 HEXA2 0.0058975 +20.017 19.998 19.998
339 HEXA2 0.007713 -1.8024 -1.831 -1.821
349 HEXA2 0.00973 -8.172 -8.1539 -8.1634
359 HEXA2 0.001129 -10.967 -10.881 -10.91
374 HEXA2 0.013875 -12.073 -12.016 -12.035
384 HEXA2 0.017125 -12.24 -12.264 -12.207
394 HEXA2 0.020375 —12.025 -12.016 -12.016
404 HEXA2 0.023625 -8.268 -8.258 -8.3065
*Width of the first solid electrolytic element for Run 6 is 250 um,

for Run 7 it is 550 um, and for Run 8 it is 450 um.

12
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Table 5. Vertical Current-Density Distribution

Finite-Element Results Crowe Measured Data*
(é;) Jzz JRz JRz

(A/m<) (A/m<) (A/m®)
0.275 18.515 7.7166
0.650 15.99 5.25 10.93
1.125 10.10 3.15
1.150 9.19
2.25 4,552 1.60
3.75 2.3799 0.75
5.75 0.9164 0.37
8.25 0.250 0.245

*Linearly adjusted from R = 0 and Z = 1150 ym to R = 0.7 mm, Z = 650 um,
and R = 0.7 mm, Z = 1150 um.
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Table 7.

Calculated Upper- and Lower-Membrane Potentials
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UPPER.DAT; 1

0

1

2

10.

12.

15

18.

22.

25.

.0000000E+00

.191000

.382000

.175000

.990000

.805000

.620000

44000

25000

.50000

75000

00000

25000

.4841611

.4821011

.4794905

.4785227

.4776031

.4771680

.4769190

.4767500

.4766390

.4764952

.4764148

.4763770

.4763978

LOWER.DAT;1

0.0000000E+00

1.

B

10.

12.

15.

18.

22.

25.

191000

382000

.175000

.990000

.805000

.620000

44000

25000

50000

75000

00000

25000

.5409910
.5025470
.4785590
.4838132
.3145340
.3074600
.3133700
.3152500
.3129100
.3086500
.3071943
.3075860

.3073680
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Table 9. Calculated Values of Electric-Field Vector Above Polarization
Layer, Run 7 (Z of First Layer Centroid 27.5 um)

EREETE R : Jzave JRave
(m) (A/m?) (A/m?)

4, 5 (WEDGE) 0.0007 +18.515 7.7i66
154, 155 (HEXA2) 0.001786 - +8.2107 7.2043
164, 165 (HEXA2) 0.0027785 +2.460 5.1157
217, 218 (WEDGE) 0.004375 +0.6130 2.663
183, 184 (HEXA2) 0.0058975 +0.05683 1.3665
194 0.007713 -0.071334 +0.83534
204 0.00973 -1.0757 +0.55484
214 0.01129 -1.0948 +0.39613
229 0.013875 -0.11634 0.25575
239 0.017125 -0.131607 0.150716
249 0.020375 -0.130844 0.070059
259 0.023625 -0.08850 -0.0020349

18



/‘\/"—j\/‘m
ELECTROLYTE
ORIGIN
N | ¢C¢ {AalJaAa] ¢ | N

S

=

R

7 6

ORIGIN

ANODE
(IRON)

CATHODE
(COPPER)

v

Figure 1. Cylindrically Symmetric Planar Galvanic Couple
AIR
3¢/3n = 0
B c
ELECTROLYTE
3¢/3n = 0 34/ an
CATHODE
3¢/an = 0 ,:‘ \ 3¢/ an
r - N\ e
A ° » = . - D
F F! E E
DOUBLE MEMBRANE
ANODE CONFIGURATION
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POLARIZATION LAYER OF
IRON SURFACE, CURVE 2,
FROM C. R. CROWE
POLARIZATION LAYER OF
COPPER SURFACE, CURVE 4,

—— FROM C. R. CROWE (FIG. 19)
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Figure 5. Double-Membrane Representation of Polarization Layer
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Figure 6. Axisymmetric Model of Beaker Experiment
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Density in the First Electrolytic Layer

.20
Z=20.
24 | O UPPER LAYER om
X LOWER LAYER
—
-Or— —]
60 l § 1 1 1 1 | A 1 1
0.00 2.53 5.05 7.58 10.10  12.63 15.15 17.68 20.20 22.73 25.25
RADIAL DISTANCE (mm)
Figure 21. Potential Distribution on the
Electrolyte/Polarization Interface
0
0 e
O J7 CALCULATED
9 Jp CALCULATED
; | 1 1 | L | 1 1
0.0 4.4 8.8 13.2 17.6 22.0 26.4 30.8 35.2 39.6 44.0
RADIAL DISTANCE (mm) .
Figure 22. Calculated Axial and Radial Current
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Figure 23. Total Calculated Current Distribution in the
First Electrolytic Finite-Element Layer
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Values as a Function of Radial Position
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Figure 25a. Simple Anodic/Cathodic Geometry
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Figure 25b. Complex Anodic/Cathodic.Geometry Updated Electrolytic
Conductivity, Anodic Loss Due to Faraday's Law

Figure 25. Anodic Loss Based on Faraday's Law and
Finite-Element Current Density Predictions
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Appendix A

DATA FROM GALVANIC CORROSION EXPERIMENTS

Parameters for the galvanic corrosion experiments were as follows:

Beaker diameter, 8.8 cm;

Beaker height, approximately 1.5 cm;

Electrolyte height, 0.95 cm;

Anode diameter (pure iron), 0.635 cm;

Cathode diameter (pure copper), 5.05 cm;

Electrolyte impedance, 16 Q/cm; and sigma = 6.25 mhos/m;

Tests were run by Dr. C. R. Crowe, Code 6372, Naval Research Laboratory,
Washington, DC 20375, at Brookhaven National Laboratory, in collaboration with

Dr. H. Isaacs.

Measured normal current-density values for Runs 15 and 18 are given in
table A-1 as a function of radial distance.
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Table A-1. Measured Normal Current-Density Values as a Function
of Radial Distance, August 1983, Runs 15 and 18

J; (uA/cm?)

(;;) Run 15, Z = 650 wm Run 18, Z = 1150 yum
0.0 m <R < 0.024 m 0.0 m <R <0.024 m
0 1135.78 954.0
1 1073.26 901.1
2 864 .860 768.5
3 635.620 535.3
4 484.53 307.4
5 364.70 164.3
6 268.83 106.0
7 191.207 79.5
8 130.250 79.5
9 78.150 68.9
10 52.1 53.0
11 26.05 58.3
12 0.00 53.0
13 -8.336 53.0
14 -34.38 53.0
15 -26.05 53.0
16 -43.24 53.0
17 -43.24 53.0
18 -26.05 53.0
19 -26.05 53.0
20 -34.91 53.0
21 ~26.05 53.0
22 -26.05 53.0
23 -26.05 58.3
24 ~26.05 53.0
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